Virtual tunnels and green glass: The colors of common mirrors
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When a pair of common second-surface plane mirrors face each other, repeated mirror-to-mirror
reflections form a virtual optical tunnel with some unusual properties. One property readily analyzed
in a student experiment is that the color of objects becomes darker and greener the deeper we look
into the mirror tunnel. This simple observation is both visually compelling and physically
instructive: measuring and modeling a tunnel’s colors requires students to blend colorimetry and
spectrophotometry with a knowledge of how complex refractive indices and the Fresnel equations
predict reflectance spectra of composite materials.2084 American Association of Physics Teachers.
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[. INTRODUCTION IIl. THE MIRROR TUNNEL DEMONSTRATION

One well-designed mirror tunnel is seen in Granada,

Across the centuries, mirrors have given us windows Ont%pain’s Science MuseumThis virtual tunnel is produced
unusual worlds. Some 'of these worlds are as familiar as thegimply by placing two tall mirrors parallel to and facing each
are fundamentally odd: the one that lets us see our own fac(?ther (see Fig. 1). Viewers look at one mirror through two
Orh.thﬁ onettha(; S\P?[V;ﬁ usd3 tr?ns_posed t\f\gn of tBe trrc])om 'Wmall holes in the back of the other mirror; the holes are
¥V ICd vl\)/ets an .tvve leo es mlrrf[)r: V,E’?,r may he the onI paced to match the average distance between human eyes.
ound between two plané mirrors that face each Other. firyis \iewing geometry avoids the problem that can occur if
these mirrors are parallgbr nearly so), then looking into 4o iewer's head is between the two mirrors, where it can

either of them brings us to the vertiginous edge of a visua o the angularly smallest, most interesting regions of the
tunnel that seems to recede endlessly into the virtual d'sr'nirror tunnel.

tance. On looking through the eyeholes, one sees a long progres-

We call this phenomenon of repeated mirror reflections &qn of ever-smaller reflected images of the two mirrors that
mirror tunnel, and here we are interested in how one formed,;;nges into the virtual distance, thus giving the illusion of

by two common mirrors transforms the colors of reflectedyy, infinite tunnelFig. 2). If the mirrors are not exactly par-
objects.(We definecommon mirrorsas inexpensive second- gjig| (as is true in Fig. 2), then the tunnel curves in the same
surface plane mirrors such as those found in homésder- irection that the mirrors tilt toward each ottekfter relish-
standing these transformations can teach students not oni%{g the vertiginous thrill of this virtual tunnel, we find an-
about geometrical optics and spectral transfer functions, biiner, subtler feature: the farther we look into the tunnel, the
also how knowing the complex refractive indices of the greener and darker its reflected objects appear. To track this
metal backing and glass in such mirrors lets us predict theigg|or and brightness shift in Fig. 2, we put a photographer’s
reflectance spectra via the Fresnel equatfolrs.a student gray card at the base of one mirror. Although the card’s im-
experiment, two especially instructivand surprisingire- 346 becomes progressively darker and more yellow—green
sults are that common mirrors are not spectrally neutral repjth successive reflections, no such shifts occur for distant
flectors, and their reflectance spectra depend on the absorksa| objects seen by a single reflection in either mirror.
ing and reflecting properties of both the glass substrate and This simple observation lies at the heart of our paper, and
its metal backing. _ _ it begs the question that students must answer: why do re-
Because mirror tunnels are so visually compelling, we usgeated reflections change the mirror images’ color and
them as a pedagogical tool in this paper. In Sec. Il we deprightness? Geometrical optics is silent on this point, be-
scribe how to set up a mirror tunnel and observe its cologayse it predicts only the images’ location and size. Thus, to
shifts, and in Sec. Il we discuss the measured reflectancgxplain the brightness and color changes, we must consider
spectra of some common mirrors and show how we use suafie physical optics of common mirrors. Because color de-
spectra to calculate the chromaticity trends seen in mirrObendS on spectra| Variabi“ty, we start by examining the spec-
tunnels. In Sec. IV we use existing data on the compleXral reflectances and transmissivities of the metal and glass
refractive indices of silver and soda—lime silica glasses in gsed to make these mirrors.
simple model that calculates the reflectance spectra and chro-
maticities for these mirrors. At a minimum, students ShOU|d|||_ MEASURED REFLECTANCE SPECTRA
already be familiar with the optical significance of the mate- COLORS OF COMMON MIRRORS
rials’ absorption, reflection, and transmission spectra. For
deeper insights, they also should understand how such purely Common household mirrors have long been made by de-
physical properties are translated into the psychophysicgositing a thin film of crystalline silver on the rear surface of
metric of colorimetry. A very readable introduction to the float-process flat glassThis silver film is optically thick
colorimetric system of the Commission Internationale de(minimum thickness~10 um), and its rear surface is pro-
I'Eclairage (CIE) is given in Ref. 2. tected from oxidation and abrasion by successive films of
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Fig. 1. Schematic diagram of the mirrors used to produce the virtual mirror
tunnel photographed in Fig. 2. The circles on the right mirror are eyeholes 075 T T T T 075

through which observers view the mirror tunnel. 180 430 480 530 580 630 680 730 780

wavelength (nm)

copper and Iacquer. The polished glass itself is usua”y cIeaFr'g' 3. Normal-incidence spectral reflectanégsfor optically thick silver

. - . - and spectral transmissivitie, for a 5 mm thick layer of nominally clear
SOda_l!me silica whose ConStltuerﬂ‘W Welght) are about soda—ﬁime silica (Si9) gla(jz The optical properti):es of each ma)t/erial are
72% SiG, 14% NgO (+K30), 9% CaO, 3% MgO, 1% considered separately hefthat is, they are not combined as a mijyand
Al,O;, and variable, smaller amounts of JBg (<1%)%’  the incident medium is air.

Other backing metal¢for example, aluminumand special

“colorless” (that is, lower iron oxide contendr tinted glass o ) )

can be used to change a mirror’s reflectance spectrum apprlate of common glass, bearing in mind that refractive dis-

ciably. persion can complicate the colors that students see. In other
Nonetheless, a soda—lime silica glass substrate with silvé¥ords, students should learn to distinguish between the uni-

backing forms the optical core of most common mirrors.form green or blue—green that results from glass absorption

Figure 3 shows the reflectance and transmission spectra 81d the many prismatic colors that result from glass refrac-

these two materials in air at visible wavelengihg3g0o<)  tion. In contrast, although Fig. 3's silver spectrum shows a

<780 nm)®° Although the glass transmits most at 510 nm fairly steep decrease in spectral reflectaiie below 460

(a green), its broad transmission maximum only imparts &M, &t longer wavelengths the metal reflects much more

pastel greenish cast to white light, even after it has beegPectrally uniformly. _ _

transmitted through several centimeters of the glass. This When we form a composite common mirror from these

greenish cast is best seen by looking obliquely through &0 materials, what reflectance spectra result? Figure 4
shows some representative spectra both from Granada'’s Sci-

ence Museum mirrors and from common mirrors in our own
laboratories and homes (400<\A<700 nm, measured in 10
or 5 nm steps). We measured these spectra at normal inci-
dence using either of two portable spectrophotometers: a Mi-
nolta CM-2022 or a HunterLab UltraSc&hln Fig. 4, all
spectral reflectances except those labelBg (lab 1)” were
measured with the Minolta CM-2022. Given the instruments’
designs, these spectra necessarily include both external
specular reflections from the mirror glass and multiple reflec-
tions from within the mirror.

One of Fig. 4's most striking features is how much the
overall reflectanceR varies from mirror to mirror(and, as
our measurements show, even within a given mjrrorean
R values range from 80.5% for the “museum 1" mirror to
95.6% for the “home 2" mirror. Although some of this vari-
ability may be attributed to spectrophotometer errors, more
variability likely comes from differences in the mirrors’
original fabrication.

Nevertheless, Fig. 4's spectra all have similar shapes: they
peak on average at 545 nm, a yellowish green. To restate
these spectral differences in colorimetric terms, after a single
reflection of a spectrally flat illuminanfthe equal-energy
spectrum);! the mostdissimilar mirrors in Fig. 4(the mu-

Fig. 2. Mirror tunnel photographed at the Science Museum in Granada>€UMm 1 and home 2 mirrorshightly change that illuminant's

Spain. The large white circle framing the mirror tunnel is one of Fig. 1's COlOr into two new colors. However, these tWQ CO|0I’$ differ
eyeholes, which also appear as small dark circles within the tunnel itself. by only 14% more than the local MacAdam just-noticeable
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Fig. 4. Measured spectral reflectané®sfor several common mirrors. All ) ) ) .
measurements were made at normal incidence and include external specufe@- 5 Effective spectral reflectances for the museum 1 mirror in Fig. 4 after

reflections from the mirror glass and multiple reflections from within the o€ Ry 1) and 50 R, sJ) mirror-to-mirror reflections. To emphasize the
mirror. R, s0 Spectrum’s greatly increased spectral selectivity, we normalize it to

have the same maximum as tRg; spectrum. In reality, after 50 mirror-to-
mirror reflections, the mean reflectance and reflected luminance decrease by
factors of 11 620 and 5780, respectively.

difference!? In other words, after a single reflection, al-

though many observers might be able to distinguish betwee . . . .
colors reflected by Fig. 4's most dissimilar mirrors when {g)cus for blackbodyor Planckianyadiators. The dimension-

viewed side by side, this is by no means certain. Thus, thiSS CIE 1931 chromaticity coordinatesy are derived from

color shifts caused by Fig. 4's very different-looking reflec- PSychophysical experiments in which subjects matched the

tance spectra will appear nearly identical. colors of test lights by mixing red, green, and blue reference
Yet each mirror's color shift is by itself only marginally lights in varying intensities. To a first approximation, the

perceptible. Using the same equal-energy illuminant as becoordinate represents the relative amounts of green and red
fore. we find that after one reflection. even the most Specl_n a color, and the coordinate indicates the relative amounts

trally selective mirror in Fig. 4Athe museum 1 mirrorjn-  Of green and blue. , —
creases that light's colorimetric purity by3% or~2.7 just- . 1he chromaticity diagram’s curved border in Fig. 6 con-
noticeable differences. More significantly for the mirror sists of monochromatic spectrum colors that increase clock-
tunnel, the dominant wavelength of this low-purity reflected

light is 560 nm, a yellow—green. In the mirror tunnel, of .
course, light undergoes not one but many reflections betweer g3 [ Jos
the two mirrors before reaching our eyes. Energy conserva- [,
tion requires the mirror tunnel’s effective spectral reflectance , ,
Ry n afterN reflections to be [ b

R)\,N:(R)\,l)N: (1) 0.6 |

whereR, ; is as given above, the spectral reflectance after 0
one reflection by a mirror. ’
Figure 5 shows the pronounced spectral effects of 50 re-¥ [
flections by the Science Museum mirrors. The 50th reflection 04 |
has a much weaker and spectrally narrower reflectance spec [
trum than the first reflection. Obviously, this makes colors in 03 |
the mirror tunnel’'s most “distant” images darker and more
saturated. In particular, 50 reflections by the museum 1 mir- 0.2 |
ror give a white object a dominant wavelengt®52 nm and [
colorimetric purity ~71%2® compared with the 3% purity ¢ [
resulting from one reflection. Equally dramatic is the fact i
that the white object’s reflected luminance is reduced by a [, ,,,, AT T
factor of 5780 after 50 reflectioré. 0 01 02 03 04 05 06 07 08
Between these extremes, the mirror tunnel’s luminances CIE 1931 x
a.md chromatlcmes follow eaS|_Iy predicted, although dis- Fig. 6. CIE 1931x, y chromaticity diagram, to which is added the curved
tinctly nonlinear, paths. To provide a context for these Chro'chromaticity locus of blackbodyor Planckian radiators. The rectangular

matiCitiez& Fig. 6 shows the entire CIE 198,1yChr0matiCitY _ box that straddles the Planckian locus is the region shown in Fig. 7; its upper
diagram; to which we have added a dashed chromaticityright corner just touches the horseshoe-shaped spectrum locus.
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decreases nearly logarithmically with an increasing number of mirror-to-

Fig. 7. CIE 1931x, y chromaticity curves for a white object seen after mirror reflectionsN. The mirrors are those who$y, are plotted in Fig. 4.

mirror-to-mirror reflections in a mirror tunnel. The mirrors are those whose
measuredR, are plotted in Fig. 4, plus one additional mirrgthe home 4

curve). In order to show as much detail as possible xthescaling is not . , L .
isotropic (unlike Fig. 6). As expected, Fig. 7’s chromaticities grow steadily purer

with increasingN. However, for the largedt, the most dis-
tant colors in the tunnel are difficulbr impossible)to see
. . , because they are so dark. In fact, Fig. 8 shows that the re-
wise from short wavelengths at the diagram's left verteXqigcted luminance., decreases nearly logarithmically with
(nearx=0.175,y=0.0) to long wavelengths at its right ver- N, as one would expect from E¢l)'® Figure 8 does not
tex (nearx=0.735,y=0.265). This curved part of the bor- j clude the “home 4”L, shown in Fig. 7 because they

der is called thespectrum locus. A straight line connects \yqiq overlie thel, of museum 1. Note that after 50 reflec-

these two spectral thremes, and mixtures of monochromatiﬁ:OnS the latter mirror not only yields the darkest col6Fig.
red and blue along it generate purples. Thus, purples are ng

spectrum colors propelthey are not monochromalichut 5 but also the purest oné€Big. 7). This decreased bright-
. . ness is no coincidence, because increased spectral purity nec-
they are the purest possible colors that link the ends of th P purty

o o o : Bssarily comes at the price of reduced luminance for nonfluo-
visible spectrum. One point in Fig. 6’s interior is a white or y P

achromatic stimulus, and for the equal-energy illuminant itsreSCIng reflectorgsee Fig. 4).
chromaticity coordinates ane= 0.33_3 33,y—_0._333 33. We_ IV. MODELING MIRROR-TUNNEL COLORS
can form any other color by additively mixing a specific

amount of this achromatic stimulus with a spectrum cétor One of the most instructive and satisfying aspects of the
a purple). An arbitrary color’'slominant wavelengtts found  mirror—tunnel exercise for students is that they can simulate
by extending a straight line from the achromatic stimulusa fairly complex optical system with only modest mathemati-
through the arbitrary color and then on to intersect the speceal effort. We start with the facts that a second-surface mir-
trum locus. The monochromatic spectrum color at this interror’s spectral reflectanc®, depends on the mirror surface’s
section defines the arbitrary color’s dominant wavelengthpreparation, the illuminant’s incidence angle and polarization
Furthermore, the arbitrary color’s fractional distance be-state, the glass thickness and composition, and the optical
tween white and its spectrum color definesdtdorimetric  properties of the metal itself. We then base our model on the
purity. o o following assumptions.

Figure 7 expands the boxed area in Fig. 6, and in it we plot (1) The mirror is a polished flat substrate of soda—lime
chromaticity curves for a white object seen affémirror-  gjjica (Si0,) glass that is 5 mm thick and is backed by an
to-mirror reflections by the mirrors in Fig. 4. Each curve in gptically thick silver(Ag) film. This glass matches the thick-
Fig. 7 is constructed by repeatedly drawing from the chroyess of the mirror glass shown in Fig. 2.
maticity coordinatey, yy for the Ry reflection toxy 4, (2) We assume normal incidence for all reflections. Strictly
Yn+1 for theRy 4 reflection (:=N<50). We calculate each speaking, the eyeholes in an actual mirror tur(sek Figs. 1
XN, Yn by multiplying the equal-energy illuminant’s power and 2)keep us from seeing normal-incidence reflections be-
spectrum by a white object’s constaRf and the mirrors’ tween the two mirrors, but this fact only negligibly affects
changingR, . To show the maximum color range for mir- the relevance of the color and luminance trends simulated
ror tunnels resulting from our measured spectra, we substhere.
tute in Fig. 7 a slightly more greenish common mirror (3) We include the effects oR, of 5 reflections within
(“*home 4”) for the “lab 1” mirror in Fig. 4. Note that all each mirror(see Fig. 9); higher-order internal reflections
colorimetric calculations given here can be done easily in arontribute almost nothing t&, . However, we exclude in-
electronic spreadsheet that contains mirror spectra and therference among the internally reflected rays because the
human color-matching functiors. mirror glass is sufficiently thick~8620 times the mean vis-
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silver second-surface mirror. For clarity, these reflections are shown at non-
normal incidence. Fig. 10. Simulated spectral reflectand@g for several types of second-

surface glass mirrors, modeled using E@—(5). Each simulation assumes
normal incidence and includes external specular reflections from the mirror
é;lass, multiple reflections from within the mirror, @ 5 mm thick glass

ible \) so that its optical pathlengths are far greater than th
Substrate.

illuminant’s coherence lengtH.Thus we add the intensities,
rather than the amplitudes, of successive internal reflections.

(4) As was true in Sec. lll, we assume an unpolarized,
equal-energy illuminant. . o (the factor of (1T ygasd?). (b) reflected internally at the
During the light’s traversal of the mirror, it variously un- air/glass interface if >1 (the factor Ofrja;/élasg, (c) trans-

dergoes absorption within a medium or reflection and transgittad twice through the glass en route to and from the silver

mission at an interface between two media. Note that all th,, iy the factor ofT2.,_), and(d) reflected at the silver
following equations are implicit functions of wavelength. At . i g '
backing (the r,s¢/aq factor). Note that for alfj, ri>rj,,,

the air—glass interface, external specular reflectignis hich b h oo | reflecti K
given by the normal-incidence Fresnel equafion: which means that each successive internal reflection makes a
much smaller contribution to the observid

(Nglass™ Nair) >+ k§|ass At non-normal incidence and reflection angles, the exter-
F'o=Tairiglass™ (Nglasst Ngi) 2+ kéass' 2 nal reflectionr, and internal reflections; from slightly dif-

) ) ferent directions actually contribute to the obsenkdbut
whereng,ssandkgassare the real and imaginary componentsthe small relative size of, (~0.04 at visible wavelengths
of the refractive index of soda-lime silica gldssandn,;  and the rapid decreaseripmeans that, dominatesR. Thus,

=1 at visible wavelengths. common mirrors function much as desired—most of their
Transmittance through the glas§,ssis modeled by the reflected luminance comes from a single reflection by the
Lambert—Bouguer—Beer exponential absorption law: mirror's metal backing. We include the higher-order reflec-
_ _ tions here for completeness and because they do contribute
Tgiass= eXp( —4mdkgiasd M), @) to a second-surface mirror’s images, even if only by slightly
whered is the mirror glass’ thickness. Normal-incidence re-degrading their quality.
flection at the glass/Ag interface is given by Figure 10 show®, predicted by our model for three com-

(Ngase—Nag) 2+ (Kegass— Kag)? posite mirrors, each using the same silver backing but a dif-
glassia e, e A (4)  ferent glass. In addition to the clear and low-iron soda—lime
(Ngiasst Nag) “+ (Kglasst Kag) silica glasse$,Fig. 10 also plots the simulate®), for a mir-

wheren,y andkag are the real and imaginary components offor whose glass is pure silic&'® Not surprisingly, the

the refractive index of silvet.Here r denotes component impurity-free silica mirror is the least absorbing of the three,
reflectances from within the mirror, in contrast to their sumand so its reflectance spectrum most closely resembles that

R, the reflectance that we can measure with a spectrophotorfif the silver backing(Fig. 3). With increasing amounts of

r

eter. iron oxide in the glass substrate, the mirrors not only have
Using Egs.(2)—(4), we add the external specular and mul-lower meanR, but also become more spectrally selective.
tiple within-mirror reflections as followssee Fig. 9): Thus, the two mirror tunnels with the most dissimilar colors

s should be those produced by the least and most absorbing
mirror glass(pure silica and clear glass, respectiyely
R=r0+j21 ry () We see this trend in the chromaticity diagram of mirror
_ o tunnels predicted for our simulated mirrdiee Fig. 11). To
wherer; = (1T iygiasd *r hirigiasd glasd iassiag IS the jth inter-  aid the comparison with mirror tunnels produced by actual
nally reflected contribution t® by light that is(a) initially common mirrors, we repeat the chromaticity curves from
transmitted from air to glass and, ultimately, from glass to airfFig. 7 in Fig. 11. In addition, we include the mirror tunnel for
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Fig. 11. Chromaticity curves for a white object seen alenirror-to-mirror g 12 The colorimetric consequences of changing the backing metal in
reflections in a mirror tunnel produced by our measuf&d. 4) and Simu-  geyeral of the simulated mirrors shown in Fig. 11. Replacing silver with

lated (Fig. 10) common mirrors, plus curves for simulated mirrors made 5\yminum rotates each mirror—tunnel chromaticity curve counterclockwise
either with slightly greenish glasgreen glass curyeor clear glass thatis 2 (¢hat js, toward shorter wavelengihsnd the amount of rotation increases
mm thick [clear glass2 mm) curve]. See Fig. 7 for a closer view of the i decreasing absorption by the mirror glass.

measured mirror tunnels’ chromaticities.

a fourth simulated mirror, this one made using the greenisleulate how much changing the mirror's backing metal
soda—lime silica glass from Ref. 8. Note that pure silica prochanges the mirror—tunnel colors. The result is startling: Fig.
duces a mirror tunnel whose chromaticities quickly curve12 shows that if aluminuff is used rather than silver, the
toward the yellow aN increases. This curvature occurs be-simulated mirror tunnels in Fig. 11 shift markedly toward
cause pure silica absorbs very little, and thus the repeateshorter wavelengths. Thus, compared to their silver counter-
reflections merely serve to increase the purity of silver'sparts, aluminum-backed mirrors yield chromaticity curves
slightly yellowish reflectance spectrum. However, the mirrorthat are rotated counterclockwise around the point marked
tunnels predicted for our other simulated glasses in Fig. 1N=1. Furthermore, the amount of rotation varies inversely
have chromaticity curves that point toward shorter dominaniyith mirror-glass absorptiofthat is, weakly absorbing pure
wavelengthsthat is, toward the greenss the mirror glass’ silica yields a larger shift than does clear glaskhis shift
iron oxide content increaseéshifting from pure silica to the  toward shorter dominant wavelengths occurs because alumi-
greenish glass). Table | quantifies these colorimetric trendgum has a slightly bluish reflectance spectrum.
for N=25 reflections. Second, if we reduce the mirror glass thickness from 5 to
Students can glean several insights from Fig. 11. First2 mm (the smaller value is found in some home mirrottsis

mirror—tunnel colors depend on the propertiesboth the  reduction rotates a mirror’s chromaticity curve clockwise in
backing metal and the glass substrate, as seen in the tunnefsg. 11, and the amount of rotation increases Witfss:
chromaticity curves when we change either mirror compo-Thus, a chromaticity curve’s degree of rotation increases as
nent. To make this subtle point, we suggest that students firgtrinsic absorption by the mirror glass increases, and the
examine samples of polished silver, aluminum, and low-iroryotation caused by reduced glass thickness is toward longer
and ordinary clear window glass. They will see that the metwavelengths(that is, toward the chromaticity curve that
als look similar, as do the two glasses. Next, have them cakyould result from the silver backing alond=igure 11 shows

the rotation that results from replacing the 5 mm substrate of

clear glass with one that is 2 mm thick. However, no percep-
Table I. Dominant wavelengths, colorimetric purities, and approximate CIEtjple shift occurs if we reduce the thickness of the pure silica
color names for g white opject seen _in the simula_ted mirror tunnel_s in _Figmirror glass to 2 mm, because a 5 mm |ayer abs@dm;i
11 afterN =25 mirror-to-mirror reflections. Each mirror is backed with sil- 5|66 59 Jittle of the incident light. When students calculate
ﬁ;::ﬁ;ﬁ#g:‘;f;:;iﬁi'csk:]r;esf?sugl'zr;irgy fluminant. Unless noted others 4 ponder such dramatic colorimetric shifts, it will reinforce

for them just how much the appearance of composite mate-

Dominant Purity rials depends on each material's optical properties.

wavelength(nm) (%)  CIE color name Third, Fig. 11 indicates the power of even a simple model
to explain the complicated world of everyday appearances—

E(‘)‘J\iirs(')';lcglass 232 gg; é‘?g‘;‘gish yellow the measured colors of a range of common mirrors closely
Clear glas{2 mm) 566 280 Yellow green match those simulated for similar mirrors made of silver and
Clear glass 540 351  Yellowish green clear soda-lime silica glass. Finally, students can learn that

Greenish glass 501 57.9 Green spectrally selective absorption from multiple reflections in
glass and mirrors has many practical implications in research
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areas ranging from Signa| loss in fiber optic Cai:ﬂee spec- 10CcM-2022 spectrophotometer from Minolta Corporation, 101 Williams

troscopic analysis of gases within optically resonant Drive, Ramsey, NJ 07446; HunterLab UltraScan spectrophotometer from
a2l HunterLab Associates, Inc., 11491 Sunset Hills Road, Reston, VA 20190-

cavitiess: . -

5280. Both instruments were calibrated shortly before we measured the

spectra in Fig. 4.

V. SUMMARY Halthough the equal-energy illuminant is rarely encountered, we use its

Mirror tunnels have the twin advantages of being visually spectral simplicity to help us isolate the colorimetric effectsRyf in

d intellectually intriqui Th . t that let creating the mirror tunnel’s colors. For more realistic illuminafits ex-
and Intefiectually In ”gu'”g- "_JS’ an experimen _a _e S ample, incandescent lightinghe mirror tunnel’s chromaticities depend on
students explore the relationship between the exotic visualie wavelength-by-wavelength multiplication B and a more compli-

world of the mirror tunnel and the measured and modeled cated power spectrum.
optical properties of common mirrors makes for an instruc-2G. wyszecki and W. S. StileColor Science: Concepts and Methods,
tive, appealing bridge between geometrical and physical op-Quantitative Data and Formulae2nd ed.(Wiley, New York, 1982), pp.
tics. The path that we have taken here has the virtue of using306-310. Here we follow convention and set the just-noticeable difference
readily observed phenomeirttne mirror tunnel’s color and equal to the semimajor axis length of the MacAdam color-matching ellipse
brightness trendsfo develop and test a simple, but fairly at the relevant chromaticity. For the equal-energy illuminant, this chroma-
rigorous optical model that explains them. Along the way ticity is CIE 1931x=0.333 33,y=0.333 33. We define chromaticity co-
students' will find that seemingly abstruse ideas such as colé ordinates and other basic CIE metrics elsewhere in the main text.

3]

. h | . d | f . indi Dominant wavelengths and purities are measured with respect to the
rimetry, the Fresnel equations, and complex refractive indi- equal-energy illuminant’s chromaticity. Here we define a white object as a

ces can be combined to explain everyday visual experience giguse reflector with constarR, at visible wavelengths, s, =0.9; a
photographer’s white card approximates this behavior.
ACKNOWLEDGMENTS MBecause each of the-12 reflected gray-card images visible in Fig. 2

. . occurs after one pair of reflections between the two mirrirs,24 total
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was supported by United States National Science Foundatiorsmallest image of some easily recognized object in the mirror tufioel
Grant No. ATM-0207516 and by the United States Naval example, the gray card in Fig.).2Then we divide this reading by the
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Hernandez-Andrs was Supported by Spain’s Conisimter- the large Iumi.na}nce reduct.ic?n.s_involve!c_ﬂ,= 50 reflections is a generously
ministerial de Ciencia y Tecnol(zg(CICYT) under research Ial_’ge upper limit on the visibility of mirror tunnels formed by common
grant No. BFM 2000-1473. O et

150n request, we will gladly provide readers with as many of our measured
mirror spectra as desired, plus instructions on how to use this data in
colorimetric calculations. We also can give readers smoothly interpolated
complex refractive indices of glasses and metals in a form that is suitable
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